Abstract: Inorganic-organic hybrid (IOH) lunar cements are processed by using a lunar soil simulant and polyethylene (PE). As the inorganic simulant grains are strongly held together by the PE binder, the IOH may be utilized as an infrastructural material on the lunar surface. With a uniform simulant grain size, the flexural strength of the IOH decreases exponentially with the binder content, quite close to the strength of samples of random simulant grain-size distribution. If the simulant grains have a two-step size gradation, the IOH strength increases significantly. Above a threshold binder content, the strength decreases only slightly as more simulant grains are added; below the threshold, the IOH becomes much weaker as less binder is used.
Introduction
To produce a composite material, as the matrix content is kept to within an acceptable range, people often seek to maximize the stiffness, strength, and/or toughness. In such a material design process, the matrix content is regarded as a constraint; the mechanical properties are the design objectives. With the constraint, irrelevant materials systems are screened out; the remaining candidates are ranked according to the material's performance index (Ashby 2011) .
However, this well-established materials design approach cannot be directly employed in the current study on inorganic-organic hybrid (IOH) lunar "cements"-infrastructural materials made of locally-harvestable resources on the Moon, e.g., lunar regolith. The ultimate goal of the research is to provide a solution, with current or near-future limited space transportation capacity, to facilitate large-scale life-supporting lunar bases and outposts and/or to fabricate bulky and massive structural components of space research and exploration equipment, such as space telescopes and landing and launch platforms.
The concept is quite straightforward: On the lunar surface, if lunar soil grains can be strongly bonded together by a small amount of binder material processed on and transported from the Earth, the requirements on space transportation would be much reduced (Heiken 1991; Cox 2000; Schrunk 2002; Qiao et al. 2007) . Such a lunar "cement" is essentially a composite material, with lunar soil grains being the reinforcement, and the binder phase as the matrix, somewhat similar to a polymer cement (Fowler 1983; Chandra et al. 1994) . In order to be lightweight and energyefficient, the binder should be an organic material that has a much higher strength-to-weight ratio and a lower processing temperature, compared to metals or ceramics. Such a lunar "cement" will be referred to as IOH in the following discussion.
The unique issues related to lunar construction include the special porous structure of lunar soil grains caused by solar wind, the low gravity and vacuum environment at lunar surface, the wide range of temperature variation, the intense space radiation (Schrunk et al. 2008) , etc. Probably most critically, constrained by the high cost of space transportation, the binder content must be minimized and the processing device must be compact and easy to maintain. Hence, for IOH, the basic considerations, priority of design variables, selection of free variables, and the ranking of candidates are distinct from that of terrestrial structural materials.
The influence of particle size gradation on the binder content will be investigated. As the free space among larger inorganic particles are filled by smaller ones, the content of organic binder might be optimized.
Using size gradation of filler particles to reduce the amount of binder phase is not a new idea. In a regular concrete, for example, the aggregates are often of a certain size gradation so as to reduce the use of relatively expensive portland cement (Bye 1999) . The aggregate size distribution may be two-stepped, i.e., the aggregates are of two different sizes (e.g., gravels and sands); or three-stepped; or continuously graded (Mehta et al. 2013) . Usually, compared with two-step size gradation, the improvement in properties of a concrete of a continuous aggregate size gradation is marginal, while the complexity of processing is much increased (Newman et al. 2003) .
A recent study using silica particulates as an analogue to lunar soil grains has shown encouraging results (Chen et al. 2014) . As inorganic particles of two different sizes were mixed with an organic binder, there existed a threshold binder content above which the samples were quite robust. This paper develops and characterizes IOH based on JSC-1A lunar soil simulant (Hill et al. 2007 ; Goering et al. 2008; Alshibli et al. 2009; Arsian et al. 2010; Garboczi 2011) . The grain size of JSC-1A simulant ranges from less than 1 μm to more than 1 mm, with the average grain size around 100 μm. Compared with spherical silica particulates, JSC-1A simulant is a much closer analogue to actual lunar regolith in terms of chemical composition (Table 1) as well as physical features, e.g., grain size and shape distributions.
Laboratory Tests
JSC-1A lunar simulant was developed at the Johnson Space Center (McKay et al. 1994 ) and acquired from Orbital Technologies; polyethylene (PE) powders were provided by Shamrock (Newark, New Jersey), with the product code being Taber Tiger 5512. The JSC-1A simulant was separated into seven groups of different particle size ranges through sieve analysis: above 560, 500-560, 112-500, 90-112, 25-90, 20-25 and below 20 μm. The sieveanalysis was performed using a 8" W.S. Tyler Ro-Tap RX-29 (Mentor, Ohio) shaker, with a stack of six sieves of various mesh sizes from top to bottom: 560, 500, 112, 90, 25, and 20 μm. About 250 g of JSC-1A simulant grains were placed on the top sieve. The sieve stack was shaken vigorously for 10 min, and then the separated JSC-1 powders were collected from corresponding sieve trays.
Three groups of IOH samples of different simulant grain sizes were prepared. Group A contained only simulant grains of the size from 90 to 112 μm. Group B was as-received simulant, with a random grain-size distribution. Group C samples were of a two-step grain size gradation: it contained simulant grains of sizes 90-112 μm and 20 to 25 μm, with a weight ratio of 765:235. The weight ratio was calculated with a simplistic assumption that the grains were nearly spherical; with such a weight ratio, if the smaller grains could be perfectly distributed, they would fit into the interstitial sites among the larger grains.
A series of IOH samples were prepared with the PE contents of 100% by weight (i.e., neat PE samples), 30.3, 15.7, 9.8, 7.1, 4.6, 3 .1, and 2.2% by weight, respectively, so as to analyze the influence of the organic phase content on the IOH strength. The masses of simulant and PE were measured, and the powders were thoroughly mixed in a ceramic crucible with a spatula. The material was heated on a Barnstead Thermolyne-HP131225 (Dubuque, Iowa) hot plate at 300°C for 10 min. The simulant-PE mixture was thoroughly mixed again and placed into a 25.4 × 6.35 × 6.35 mm (1 × 1=4 × 1=4-in.) aluminum mold, which had been preheated on the same hot plate. As the PE content was relatively low, the mixture could be quite sandy and prolonged mixing was required. The hot plate was then turned off and the mold was air-cooled on the hot plate. The IOH sample was removed from the mold, polished to eliminate surface cracks, and tested in a three-point bending setup on a Type 5582 Instron machine (Norwood, Massachusetts), so as to measure its flexural strength. The loading rate was 3.0 mm=min. The span length, L, was 19.05 mm. The flexural strength was calculated as R ¼ ð3=2ÞðP max L=bd 2 Þ, where P max is the maximum load at which the sample fails, b is the sample width, and d is the sample height. After the flexural strength measurement experiment, the fracture surfaces of the samples were observed under a FEI Philips XL30 scanning electron microscope (SEM) (Hillsboro, Oregon). Fig. 1 shows a typical load-displacement curve of a low-PE-content sample, suggesting that the material is brittle. The deflection increases linearly with the applied load, and once the critical flexural stress is reached, catastrophic failure happens. Even though the PE phase is ductile, as its volume percentage is low, the nonlinearity of the load-displacement curve is negligible. Fig. 2 shows SEM microscopy of fracture surfaces. The simulant particles and the binder phase wet each other quite well, indicating that the simulant-binder interface is strong [e.g., site "A" in Fig. 2(a) ]; that is, the addition of simulant grains itself should not lead to any significant reduction in IOH strength. However, there are evident defects [e.g., site "B" in Fig. 2(a) ], in the form of microvoids and detached grains. As the binder content is reduced, the binder may not fill all the gaps. The microvoids can act as stress concentrators and crack initiators, thus considerably lowering the material's strength.
Results and Discussion
The testing data of the flexural strength are shown in Fig. 3 . The reference sample contains no simulant grains. Its flexural strength is 13.8 MPa. In Group A samples, the simulant grain size distribution is nearly uniform. As more simulant grains are added, the flexural strength gradually becomes lower. The relationship between the flexural strength, R, and the binder content, C, is nearly linear in the semilog plot; thus, they may be related with each other by an exponential function: e R ¼ α · C m , where α and m are system parameters. Through data fitting, the values of α and m are determined as 0.015 and −3.856, respectively, in the MPa unit system. Clearly, as less binder phase is used, the flexural strength decreases monotonically. When C is about 10% by weight (about 21 volume %), the flexural strength is5 MPa, about the same as Fig. 1 . Typical flexural strength measurement curve; curve shifted along the horizontal axis that of portland cements (Newman et al. 2003 ). As C is further lowered, the IOH becomes weaker. Eventually, when C is below 3-4% by weight (or 6-8.4 volume %), no structurally-integral IOH samples can be obtained, and the flexural strength is effectively zero. It is interesting that the flexural strengths of Group B samples are similar to those of Group A samples. In Group B, the simulant grain-size distribution is random. Even though the grain size ranges widely from the sub-μm to the sub-mm scale, without a controlled size gradation, the smaller grains cannot efficiently fill the interstitial vacancies among the larger ones, and consequently, have little influence on the overall strength.
As sieve-analyzed coarse and fine simulant grains are mixed with the binder, Group C samples are formed. The experimental results indicate that the strength is much improved. In the semilog chart, the R − C relation becomes nonlinear, and the exponential law of Group A and B samples is no longer valid. There is a threshold binder content, C 0 , around 10-15% by weight. Above C 0 , when the binder content is largely reduced from 100 to 15%, the flexural strength of IOH decreases only by 20%. Below C 0 , the flexural strength becomes much more sensitive to a change in binder content. When C is 2-4% by weight, the structural integrity of Group C samples is close to those of Groups A and B.
With the two-step simulant grain size gradation, if the binder amount is sufficient (C > C 0 ), the simulant grains are strongly held together, and the strength is much higher than that of Groups A and B samples of the same binder content. When C is lower than C 0 , as the defect density rises, the benefits of the controlled grain-size distribution vanishes. The most pronounced strength increase is achieved when the binder content is slightly above C 0 .
Compared with silica-particulate-based IOH (Chen et al. 2014 ), the threshold binder content of simulant-based IOH is higher, which should be attributed to the relatively broad size distribution of the grains, as well as the irregular grain shapes. The former makes the simulant grain-size gradation less regular; the latter not only leads to defect formation but also promotes defect growth as the stress concentration is more intense at sharp corners.
Concluding Remarks
Inorganic-organic hybrid (IOH) samples were processed by using JSC-1A lunar soil simulant and polyethylene (PE). With a uniform simulant grain-size distribution, as the binder content decreases, the IOH flexural strength decreases exponentially. If the samples are made of as-received simulant grains of a random size distribution, while the grain size ranges from sub-μm to sub-mm level across a few orders of magnitude, the flexural strength does not improve nor worsen. Only with a controlled, two-step simulant grain-size gradation can a significant increase in IOH strength be achieved. The strength improvement is most pronounced when the binder content is close to a threshold value of around 10-15% by weight, above which the flexural strength is quite insensitive to binder content variation; below the threshold, the flexural strength decreases rapidly as the binder content is lowered. To suppress defect formation and to further decrease the threshold value, better grain size gradation strategies and processing techniques should be developed.
